Introduction
Biochemical changes of stored red blood cells (RBCs) may occur during storage, even under approved conditions set by regulatory agencies. These alterations of stored RBCs, known as storage lesions, are primarily divided into three types: biochemical, morphological, and structural [1, 2] . During storage, RBC alterations may result in their easy disruption during transfusion, which could be harmful to the transfusion recipient [1, [3] [4] [5] . In addition, previous studies demonstrate that RBC alterations may be of crucial importance for the maintenance of normal circulation [6] [7] [8] [9] [10] [11] .
MicroRNAs (miRNAs) are known to regulate the expression of genes that are especially relevant in differentiation and apoptosis via mRNA degradation or translation inhibition. miRNAs have also been implicated in many human diseases, and the resulting altered cellular states can be used as biomarkers [12] [13] [14] . As cells differentiate into reticulocytes, the nuclei are extruded, and cytoplasmic RNAs (including mRNAs and miRNAs) and translation activities remain detectable [15] . Diverse and abundant miRNAs exist in mature erythrocytes, but their functions are still unknown [16] . miRNA expression in erythrocytes is different from that found in reticulocytes or leukocytes. Nucleated cells had substantially higher miRNA content on a per cell basis, but the hematopoietic cellular contribution to miRNA content of blood on a volume basis is highest in erythrocytes [17] . Therefore, these miRNAs likely play a significant role in posttranscriptional regulation in erythroid cells [16, 18, 19] . Profiling studies on RBCs have reported that the expression of several miRNAs can dramatically change during storage, and among them apoptosis-associated miRNAs have been identified in whole blood [18] .
In this study, we performed miRNA microarrays in both fresh and 20-day storage RBCs washed and leuko-reduced to evaluate
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Summary Introduction: Stored red blood cells (RBCs) undergo storage lesions involving morphological, physiological and biochemical changes. MicroRNAs (miRNAs) have important functions in cell apoptosis and life processes. Therefore, the aim of this study was to explore potential roles of miRNAs in the damage of stored RBCs. Methods: Blood samples were collected from 13 healthy male O-type donors, and leuko-reduced RBCs were divided into fresh RBC group and 20-day storage RBC group. Results: Eight predicted miRNAs with modified expressions with an intersection ≥ 3 were found dysregulated in the 20-day storage RBC group and involved in apoptosis and senescence signaling pathway: miR-31-5p, miR-196a-5p, miR-203a, miR-654-3p and miR-769-3p were increased, while miR-96-5P, miR-150-5P and miR-197-3p were decreased. Evidence associating miR-31-5p, miR-203a, miR-654 and miR-769 to RBCs or blood in general are not available. Conclusions: Dysregulated miRNAs might represent potential biomarkers to identify storage lesions, and their detection might help to evaluate the quality of stored RBCs.
potential dysregulated miRNAs in 20-day storage RBCs. Subsequently, miRNA target gene prediction was performed by the overlap of Miranda, Microcosm, and TargetScan databases with intersections ≥ 3.
Material and Methods
Ethics Approval and Consent to Participate
All procedures performed in this study involving human participants were in accordance with the ethical standards of the Guangzhou First People's Hospital and the 1964 Helsinki declaration and its later amendments or comparable ethical standards. All participants in this study provided their written informed consent, data were kept anonymous, and this consent was approved by the Guangzhou First People's Hospital Ethics Committees consistent with the Article 15 of the Declaration of Helsinki (2008) on human subjects study.
Blood Sample Collection and Groups
Blood from 13 healthy adult male volunteers (aged 20-38 years, blood group O) was collected in blood polyvinyl chloride plastic bags containing anticoagulant citrate dextrose solution A (ACD-A, Fresenius Kabi, Guangzhou, China) and stored in the anticoagulant citrate phosphate dextrose adenine solution (CPDA-1, Fresenius Kabi, Guangzhou, China). Each suspension was divided into 2 halves, one half was used for the analysis of fresh RBCs (fresh RBC group), and the other half was stored for 20 days at 4 ° C as 20-day storage RBC group. The choice of analyzing stored RBCs after 20 days is due to the fact that in Guangzhou First People's Hospital the stored blood is used for transfusion after more or less 3 weeks after collection, with an average storage time of 20 days, which actually represents half of the maximum storage period approved by US Food and Drug Administration [20] .
RBC Purification
Suspended fresh RBCs were leuko-reduced prior to storage using a leukocyte depletion filter (Haemonetics Manufacturing Inc, Covina, CA, USA) from 4.98 ± 1.79 × 10 9 /l to 1.68 ± 0.41 × 10 6 /l to minimize potential leukocyte contamination. A total of 4.40 × 10 12 /l RBCs in each sample were tested. RBCs were additionally purified by washing them with 0.9% NaCl and centrifuged three times at 1,400 × g for 6 min to remove any platelet contamination.
RNA Extraction
Isolated RBCs were stored in RNAlater (Life Technologies, Carlsbad, CA, USA) at -20 ° C after their collection to avoid technical bias. Total RNA was extracted from both fresh RBCs and 20-day storage RBCs using TRIzol-LS (Invitrogen, Carlsbad, CA, USA), and both mRNA and miRNA were isolated using the miRNeasy mini kit (Qiagen, Shanghai, China) according to the manufacturers' instructions. RNA quality was evaluated using the spectrophotometer NanoDrop ND-1000 (Nanodrop Technologies, Wilmington, DE, USA).
miRNA Microarray and Data Analysis miRNA expression profiling was performed by Kangchen Services Company (Shanghai, China) in both the fresh RBC group and the 20-day storage RBC group. Samples were labeled using miRCURY Hy3/Hy5 Power Labeling Kit (Exiqon, Vedbaek, Denmark) and hybridized on a miRCURY LNA Array version 18.0 (Exiqon). After washing, slides were scanned using an Axon GenePix 4000B microarray scanner (Axon Instruments, Foster City, CA, USA). Scanned images were imported into GenePix Pro 6.0 software (Axon) for grid alignment and data extraction. Replicated miRNAs were averaged, and miRNAs with an intensity ≥ 30 in all samples were included in the calculation of a normalization factor. Expressed data were normalized using the median normalization. After normalization, significantly differentially expressed miRNAs were identified through volcano plot filtering. The threshold used to screen increased or decreased miRNAs was a fold change ≥ 2.0 and a p value ≤ 0.05. Finally, hierarchical clustering was performed using MEV software version 4.6 (TIGR) to show distinguishable miRNA expression profiling among samples. All data can be accessed at www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc = GSE86905 , the series record number is GSE86905. miRNAs selected for subsequent investigation were further filtered on the basis of expression levels and previously published data [16, 18] .
cDNA Synthesis of Mature miRNAs
After RNA quantification, cDNA conversion for miRNA quantification was performed using Universal cDNA Synthesis Kit II (Exiqon). For each sample, cDNA was produced from 25 ng of total RNA, according to a standard protocol. The mixture was incubated at 42 ° C for 60 min, 95 ° C for 5 min, cooled to 4 ° C, and stored at -20 ° C. Subsequently, cDNA was diluted 40× with RNasefree water prior to quantification by qRT-PCR.
miRNAs qRT-PCR qRT-PCR was performed using a ViiA 7 real-time PCR machine (Applied Biosystems, Foster City, CA, USA), 96-well microtiter plates, and MicroAmP Fast Reaction Tubes. For miRNA quantification, an ExiLENT SYBR Green Master Mix Kit (Exiqon) was used in combination with miRCURY LNA PCR Primers (Exiqon). Primers were purchased from Takara (Takara Bio. Inc., Dalian, China), and their details are shown in supplemental table 1 (available at http://content.karger.com/ProdukteDB/produkte.asp?doi=489321 ).
Each reaction was performed in triplicate at a final volume of 10 μl per well using the passive reference dye ROX II. The reaction conditions consisted of polymerase activation or denaturation and well-factor determination at 95 ° C for 10 min, followed by 40 amplification cycles at 95 ° C for 10 s and 60 ° C for 1 min, with a ramp rate of 1.6 ° C/s. The melting curve protocol began immediately after amplification and consisted of 65 ° C and 98 ° C, with a 0.2 ° C increase at each step. CT values were determined using a manual baseline, and the mean CT was determined from the triplicate PCR results. The relative expression of each gene was calculated using comparative CT (2 -△△ CT ) method. U6 snRNA was used as an internal control, and its expression stability was tested in RBCs.
Target Genes Prediction miRNA target gene predictions were refined using Miranda ( www.microrna.org/microrna/getGeneForm.do ), Microcosm (www.ebi.ac.uk/enright-srv/ microcosm/cgi-bin/targets/v5/search.pl ), and TargetScan ( www.targetscan.org/ vert_61/ ) databases, which can efficiently provide information on miRNA sequences and target genes. The results obtained by different search programs were compared to find the common results. Thus, more intersections using more search programs correspond to more reliable results. Therefore, the final results were obtained by the overlap of the three databases with intersections ≥ 3, ≥ 2, ≥ 1, based on the protocol and PCR panels from Qiagen ( www.sabiosciences.com/ArrayList.php?pline = PCRArray ). Subsequently, enrichment analysis of the selected miRNAs and their predicted target genes was performed through KEGG pathways database ( www.genome.jp/kegg/ ) to identify the miRNA-mRNA regulatory relationships. Finally, data were compiled and manually evaluated to identify individual miRNAs that target RBC apoptosis-, senescence-and membrane-related genes (mRNA).
mRNA Expression Levels cDNA conversion for mRNA quantification was performed using PrimeScript RT Reagent Kit (Takara Bio. Inc). SYBR ® Premix Ex Taq (Takara Bio. Inc) was used for qRT-PCR. Genes were selected according to the most significant results obtained by KEGG on miRNA-mRNA. Pairs of appropriate forward and reverse primers used (Takara Bio. Inc.) are shown in supplemental In brief, mRNA was first reverse-transcribed into cDNA using reverse primers in a thermal cycler at 37 ° C for 15 min and 85 ° C for 5 s; samples were then cooled to 4 ° C and stored at -20 ° C until further use. Subsequently, cDNA (2 μl) was amplified by PCR using the above primers. Each reaction was performed in triplicate at a final volume of 20 μl per well using the passive reference dye ROX II; the fluorescence collection point was set to 60 ° C. 
Statistical Analysis
Data are shown as mean ± SD. Statistical analysis was performed using SPSS software version 13.0 (IBM, Armonk, NY, USA). Univariate and paired-sample Student's t-test was used to assess statistical significance between fresh RBC group and 20-day storage RBC group. Residual error was used to test the normality. Post-hoc multiple comparisons test (LSD t test) was performed, where appropriate. Statistical significance was set at p < 0.05.
Results
miRNAs Expression Profiles in 20-Day Storage RBC Group
To define the differential expression profile of miRNA in RBCs during storage, set of miRNAs expressed in the 20-day storage RBC group were compared to those of fresh RBC group. Supplemental figure 1 (available at http://content.karger.com/ProdukteDB/ produkte.asp?doi=489321 ) shows the heat map and hierarchical clustering (n = 3, representative of the results for all the 13 donors) between 20-day storage RBC group and fresh RBC group. The results revealed that 211 miRNAs were dysregulated in a total of 3,100 miRNAs, divided into 109 increased and 102 decreased miRNAs. Table 1 shows the 10 miRNAs with the highest/lowest level in the 20-day storage RBC group.
Target Genes Prediction
The final results obtained by the overlap of Miranda, Microcosm and TargetScan databases used for miRNA target gene predictions with intersections ≥ 3, ≥ 2, ≥ 1 are shown in table 2 . With an intersection ≥ 3, 8 miRNAs and 352 mRNAs were found to be involved in miRNA-mRNA networks while with an intersection ≥ 2, 10 miRNAs and 5,104 mRNAs were found ( table 2 ). In addition, enrichment analysis showed that these miRNAs were involved in 50 or 75 signaling pathways, including apoptosis, senescence and RBC differentiation pathways (data not shown).
Validation of Selected miRNAs by qRT-PCR
The eight predicted miRNAs with an intersection ≥ 3 were evaluated by qRT-PCR. miR-31-5p, miR-196a-5p, miR-203a, miR-654-3p and miR-769-3p were increased, while miR-96-5P, miR-150-5P and miR-197-3p were decreased ( table 3 ) .
Target mRNAs Validated by qRT-PCR
Target gene mRNAs were evaluated according to miRNA changes in our results related to the intersection ≥ 3 shown in table 2 (supplemental table 3 These mRNAs belong to 3 groups related to apoptosis, senescence, and RBC membrane, as follows: i) BIRC6, RICTOR, CASP8, CASP10, BTG2, IL3, ATM, and MAP3K1 are apoptotic-related genes in RBCs, and CASP8, CASP10, IL3, ATM , and MAP3K14 are involved in the apoptotic signaling pathways in KEGG; ii) ATM is a RBC senescence-related gene; iii) EPB41L4B is an RBC membrane-related gene. However, in our qRT-PCR confirmation, only RICTOR , CASP8, and CASP10 were found to be significantly changed, despite all these 9 genes we considered were significantly dysregulated according to KEGG.
Discussion and Conclusion
RBCs may be stored up to 35 days before transfusion according to Chinese standards and up to 42 days according to US and EU standards [20] [21] [22] . Although there are evidences reporting the potential harm of transfusing stored RBCs [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] , other studies on randomized clinical trials reported no difference in mortality of patients who received fresher versus older RBCs [23] [24] [25] [26] . Most published clinical studies are non-randomized observational studies with methodologic limitations. Therefore, according to these evidences, it is still difficult to evaluate the positive or negative clinical impact of using stored RBCs on patients [22, 27, 28] . Actually, stored RBCs undergo slow deleterious changes over time during storage, decreasing their viability at 24 h post-transfusion to 70% in the 35 days stored RBCs [29] , although these stored RBCs still meet the storage level accepted by several countries [20] [21] [22] . Despite more attention is now being paid to the storage damage found in banked RBCs, further studies are needed to increase our knowledge on RBC storage modifications to evaluate their potential consequences. miRNAs are endogenous non-coding small single RNAs molecules that play important roles in several life processes including cell apoptosis, differentiation, and proliferation. Therefore, we believe that miRNA changes in stored RBCs may represent potential biomarkers of storage lesions. miRNAs present in mature RBCs are more abundant compared to the amount present in other blood cells, including leukocytes and platelets [16, 18, 19] . Thus, although the presence of other blood cells should not influence the results associated to miRNA, we performed our study on leuko-reduced RBCs in accordance to the rule followed by Guangzhou First People's Hospital of using leuko-reduced RBCs for transfusion and the consequent need of establishing storage lesions in these leuko-reduced samples. Kannan and Atreya [18] reported that miR-96, miR-150, and miR-197 increased in RBCs during 20 days of storage, which is opposite to the decreased levels we found. The main reason might be associated to the difference in samples used, since we used leuko-reduced RBCs, while Kannan and Atreya [18] used non-leuko-reduced whole blood. Although on the basis of our results we could not explain how exactly this difference in samples used could result in different results obtained, the fact that Kannan and Atreya [18] used blood samples differing from those we used could not be ignored and should be considered when comparing our results to those of Kannan and Atreya [18] . However, both our results and those of Kannan and Atreya [18] showed dysregulation of miR-96, miR-150, and miR-197, even though with opposite trend; thus we provided an additional evidence that these three miRNA are sensible to storage.
Our results revealed that 211 miRNAs were dysregulated in the 20-day storage RBC group compared to the fresh RBC group, and through the intersection ≥ 3 we highlighted that 8 of them were significantly dysregulated. The role of these dysregulated miRNAs in RBCs is not yet known for all of them. miRNA-150 is one of the most extensively studied miRNAs, revealing multiple roles in both blood cells and other cells types. In addition, it is also a tumor suppressor, since its decrease induces activation of specific pathways leading to immortalization of cancer cells and malignant lymphoma [30] . Importantly, Zhang et al. [31] demonstrated that miRNA-150 secreted by human blood cells can increase HMEC-1 cell migration after being delivered into these cells, suggesting that miRNA-150, and miRNAs in general, can be secreted by cells and can be delivered into other cells,consequently influencing the recipient cell function. Thus, our result on miRNA-150 in stored RBCs could not be significantly related to RBC health status per se.
miRNA-96 is known for its abundance in adult blood reticulocytes, where it decreases γ-globin expression typical of fetal hemoglobin (α2γ2) allowing for the predominance of adult hemoglobin (α2β2) when reticulocytes mature into erythrocytes [32, 33] . As a consequence of that, miRNA-96 silencing induces an increase in γ-globin [32, 33] . In addition, overexpression of miRNA-96-5p inhibits autophagy and apoptosis in human breast cancer cells [34] . Thus, although our results are referred to RBCs, this evidence could indicate that miRNA-96 decrease might be a sign of ongoing RBC autophagy and apoptosis. Both miRNA-197 and miRNA-96 are associated with increased systolic blood pressure and mean arterial pressure [35] , suggesting that the decrease of both miRNA as shown in our study could result in reduced blood pressure. In addition, increased miR-196a in stem cells is associated with increased senescence [36] . Although not directly referred to RBCs, these evidence cannot be ignored, since it reveals an involvement of this miRNA in senescence pathways.
Little is known about the role of miR-31-5p, miR-203a, miR-654-3p and miR-769-3p in RBCs or in blood in general. However, evidence related to their role in other cell types could be an indication to understand their potential effect when increasing in RBCs. miR-31-5p is increased in aging endothelial cells isolated from umbilical cords, and it is considered as a human liver aging marker since it increases in livers of old age donors [37, 38] . A recent study shows that miR-203a induces apoptosis in human scar fibroblasts [39] . miR-654-3p overexpression induced in human prostate cancer cells and tumor thyroid cells increases the percentage of apoptotic cells, but it also increases apoptosis in normal thyroid cells [40, 41] . Overexpression of miR-769-3p in breast cancer cells increases apoptosis; thus, it could be also critical in RBC survival [42] . These reports shed light on the involvement of those miRNAs in apoptosis and senescence signaling pathways.
Only little is known on the half-life of miRNA in RBCs and other cell types. Van Rooij et al. [43] reported a miRNA half-life of up to 12 days in cardiac cells; Both Chen et al. [44] and Wang et al. [45] reported longer half-life and slower decay kinetics of specific miRNAs in erythrocytes, although they do not mention the length of their half-life ; Heneghan et al. [46] reported that the half-life of tumor-associated miRNAs in the blood is undefined. With respect to these results, miRNAs could accumulate during maturation from reticulocytes to mature RBCs, and this accumulation could also persist for a while during storage and might be perceived as an increase. However, nucleic acids and proteins may undergo degradation due to the physiological stress during RBC storage, depending on their individual half-life [18] . Furthermore, Said et al. [47] identified RBC-derived miRNAs packaged into nano-or microparticles that are shed into the supernatant from senescent and damaged RBCs. Thus, this might also contribute to decreased miRNA levels in stored RBCs. On the other hand, transfusion of miRNAcontaining particles could potentially have biological implications. These events could also explain the increase we observed in some miRNAs and the decrease in some others.
Target gene mRNAs were evaluated according to miRNAs changes, and, among the many target mRNAs, the eight most significant results obtained by KEGG were selected according to their involvement in apoptosis, cellular senescence, and RBC membrane pathways. Although only RICTOR, CASP10, and CASP8 expressions were significantly decreased, we could show for the first time that their decrease in stored RBCs is actually associated with apoptosis. Indeed, CASP8 and CASP10 are pro-apoptotic. RICTOR on the other hand is a key regulator of the mTOR signaling pathway, and it can induce eNOS activity and release NO level by eNOS phosphorylation; its expression inhibits apoptosis of endothelial cells induced by TNF [26, 48] . On the basis of these gene functions, our results suggest that miRNA dysregulation might influence miRNA-mRNA interaction, confirming once more the role of miRNAs in RBC storage lesion and suggesting that miRNAs in RBCs represent potential apoptotic markers.
In conclusion, our work highlighted the dysregulation of miRNAs which have not been reported before in stored RBCs, suggesting that miRNAs might play a role in storage lesion. Thus, those dysregulated miRNAs identified in the 20-day storage RBC group might be considered as storage lesion biomarkers and might be useful to predict the quality of stored RBCs.
